Abstract-This article is devoted to the investigation into the combustion kinetics and mechanism of reaction mixtures in Zr-Si-B and Zr-B systems formed according to the forced SHS-pressing of compact ceramic materials, as well as to studying their heat resistance. It is shown that dependences of the combustion temperature and rate on the initial temperature (T 0 ) for compositions in the Zr-Si-B system are linear; i.e., staging of chemical reactions of formation of zirconium diboride and disilicide remains invariable with an increase in T 0 . The values of effective activation energy of SHS process, which evidence the leading role of the reaction interaction of zirconium with boron and silicon in the melt, are calculated. Staging of chemical transformations in the combustion wave of the Zr-Si-B system is investigated: initially the ZrB 2 phase is formed by crystallization from the melt, and then the ZrSi 2 phase appears with a delay of 0.5 s; unreacted Si crystallizes after 1 s. The phase composition of synthesis products, in which the main component is ZrB 2 diboride, and zirconium disilicide, Si, and ZrB 12 boride are contained depending on the composition of the reaction charge, is investigated. Compact samples having high hardness and low residual porosity are fabricated according to forced SHS-pressing technology. High-temperature oxidation of SHS samples results in the formation of SiO 2 -ZrO 2 -B 2 O 3 oxide films and ZrSiO 4 complex oxide on their surface depending on the composition, which serve the effective diffusion barrier and lower the oxidation rate.
INTRODUCTION
Zirconium diboride (ZrB 2 ) and composite ceramics based on it belong to the class of materials actively used under conditions of ultrahigh working temperatures (1500-2000°C and above) in aggressive media. Such materials, when they possess excellent mechanical properties [1] , are very promising in modern aviation and space-rocket hardware as various units and parts, as well as to fabricate heat-resistant crucibles for melts; in addition, they are applied as high-temperature electrode materials for electroerosion treatment [2] [3] [4] [5] [6] [7] . The main methods of fabrication of compact wares of this class are hot pressing and spark plasma sintering (SPS) of ZrB 2 powders and alloying additives [1] [2] [3] [4] [5] [6] [7] [8] . Nevertheless, in view of the strong covalent bond, as well as low bulk and grain-boundary diffusion in the ZrB 2 crystal lattice, there is a problem of compaction of the ZrB 2 powder when performing SPS and hot pressing [9] . Compaction is possible at high pressing pressures (from 30 MPa) and temperatures above 2100°C [9] .
To increase the heat resistance and strength characteristics of the ZrB 2 ceramics, alloying additives of various disilicides, for example, ZrSi 2 , TaSi 2 , MoSi 2 , and silicon carbide are used. They can form the intercrystallite liquid phase along grain boundaries of diboride and improve the sinterability of the entire composite material [5-7, 10, 11] . To increase the fracture toughness of ceramics, the introduction of fibrous alloying additives is very promising [1, 12, 13] . Zirconium disilicide (ZrSi 2 ) is the most efficient alloying additive. The ZrSi 2 powder or fibers introduced into the charge make it possible to decrease the temperature of sintering and hot pressing to 1700°C and below, while the relative density of such a composite can be ~99.0% [1, 7, 14] . The authors of [15, 16] fabricated the ZrB 2 -based heat-resistant ceramics with MoSi 2 and ZrSi 2 additives by hot pressing at pressures up to 30 MPa and temperatures no higher than 1850°C. The presence of the intercrystallite disilicide liquid phase during sintering promoted ordering of grains, the removal of oxides from the surface of ZrB 2 particles, and an increase in the packing density of particles. The relative density of the samples varied in a range of 94-99% depending on the disilicide content (20-40 at %). The amount of added disilicide was limited by 40 at %, because exceeding this threshold considerably lowered the mechanical properties of ceramics due to the formation of a large amount of the SiO 2 -B 2 O 3 vitreous borosilicate phase at high temperatures [15, 16] .
SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS
The main protection mechanism against oxidation of the ZrB 2 /ZrSi 2 /Si-based ceramics at temperatures above 1000°C is the formation of SiO 2 and ZrO 2 barrier oxide layers on the ware surface [17] [18] [19] . The presence of boron in the composition of such ceramics promotes the formation of B 2 O 3 oxide, which effectively heals the cracks appearing in the oxide layer due to the difference in thermal expansion coefficients during high-temperature oxidation [17] [18] [19] . Nevertheless, B 2 O 3 oxide possesses low vapor pressures in a temperature range of 1100-1300°C [20, 21] and can be oxidized to volatile B 2 O 2 with the oxygen access [22, 23] . In turn, the borosilicate scale of the SiO 2 -ZrO 2 -B 2 O 3 composition is able to prevent the oxygen penetration into the material depth and minimize the formation of boron oxide.
One promising way to fabricate ceramics in Zr-B and Zr-Si-B systems is self-propagating high-temperature synthesis (SHS) [24, 25] . This method makes it possible to use available Zr, Si, and B powders as reagents. A series of chemical reactions with the formation of the necessary phase composition is performed during the combustion; in addition, the synthesis products self-purify with respect to impurities. To fabricate compact ceramics, forced SHS compaction is applied [25] .
This study is devoted to investigating the combustion kinetics and mechanism of mixtures in Zr-B and Zr-Si-B systems, investigating the phase formation and structure formation of the compact ZrB 2 -and ZrSi 2 -based SHS ceramics, and determining its properties (hardness, residual porosity, and heat resistance).
EXPERIMENTAL
We used powders of zirconium of the PTsrK-1 grade with an average particle size on the order of 10-15 μm, and black amorphous boron of the B-99A grade with an average particle size of ~0.1 μm as initial reagents. The silicon powder was fabricated by milling KEF-4.5 single crystals (orientation 100) with the subsequent sieving of the fraction with a particle size of <45 μm. The granulometric composition of the zirconium powder included 85% of a small fraction with a particle size up to 20 μm; the other 15% was coarser fractions up to 50 μm. The silicon powder also was bidispersed and contained approximately equally fine (up to 15 μm) and coarse (15-45 μm) fractions. The powders were mixed in a ball mill in stainless steel drums using hard-alloy grinding bodies. To prevent the self-ignition of the zirconium powder, mixing was performed in isopropanol. Ready mixtures were dried in a vacuum drying oven at 50°C. The compositions of charge mixtures under study are presented in Table 1 . Composition 1 was calculated under the assumption of the complete chemical interaction of zirconium with boron and formation of 80% of ZrB 2 diboride and 20% of free silicon. Composition 2 forecasted the formation of diboride ZrB 2 and zirconium disilicide ZrSi 2 in the ratio of 1 : 1. Composition 3 assumed the formation of the 100% ZrB 2 phase.
Adiabatic temperatures (T ad ) of combustion of these mixtures and equilibrium phase compositions of combustion products at initial temperature T 0 = T room (293 K) were calculated using the "Thermo" specialized software under the assumption of process adiabaticity [25] .
Macrokinetic characteristics of combustion were studied using a laboratory SHS reactor according to procedures described in [26] [27] [28] . Cylindrical briquetted samples 10 mm in diameter and 18 mm in height with a relative density of 55-60% were formed from the charge. The combustion temperature (T c ) was measured with the help of W-Re thermocouples VR5/VR20 established in orifices of a cylindrical sample. The combustion rate (U c ) was determined by rapid video filming applying a WV-BL600 video camera (Panasonic, Japan) under the 15-fold magnification.
Staging of structural-phase transformations in the combustion wave was investigated by dynamic X-ray diffraction [26] using an LKD-41 linear position-sensitive detector (Joint Institute for Nuclear Research, Dubna). X-ray diffraction patterns were registered in angle range 2θ = 24°-56°. The exposure time was 0.5 s. Experiments were performed in helium atmosphere.
Compact ceramics was formed by forced SHSpressing [25] . Charge briquettes of 48 and 125 mm in diameter preliminarily compacted to a relative density of 55-60% were placed into a "sand" reaction mold of a DA-1532B hydraulic press, with the use of which synthesis was performed. Dried river sand was used as a pressure-transferring medium. It was also a heat insulator and served as a medium removing gases and low-melting impurities adsorbed on the surface of powders. To initiate the combustion, the Π-like coil fabricated from tungsten wire was used. The combustion time was monitored using a photodiode established immediately in a reaction mold on the opposite side from the initiated tungsten coil. After finishing combustion, after a definite delay time, the compaction pressure was applied to hot synthesis products, which were held under a pressure for a specified time. To eliminate internal thermal stresses and prevent cracking, synthesized samples were placed into an electric muffle furnace heated to 800°C and cooled along with it to room temperature. After cooling, in order to level the surface of samples and impart them the required geometric shape, they were subjected to grinding and electroerosion cutting. The optimization of process parameters of forced SHS compaction resulted in the establishment of the optimal delay time of compaction, pressure, and holding time of synthesis products under pressure.
To evaluate the oxidation kinetics (heat resistance), compact samples of three compositions of 10 × 10 × 10 mm in size were subjected to annealing at 1200°C for 30 h with subsequent weighing and selecting the samples after 0.5-h testing for structural investigations. The sizes of the samples were determined before annealing using a micrometer. Evaporation of boron oxide can lead to a negative weight increment of the samples under study during oxidation. SHS samples were annealed in an isostatic mode in a SNOL 2.3 1.8/10 electrical furnace (AB UMEGA, Lithuania) in Al 2 O 3 crucibles, weighed using an AND1 GR202 analytic balance (A&D, Japan) along with crucibles up to 1 h of testing every 15 min, then up to 5 h every 1 h, and then every 5 h.
The phase composition of the surface of the initial and annealed synthesized samples was determined by X-ray diffraction (XRD) using monochromatic CuK α radiation. Recording was performed by points (in a stepped scanning mode) in angle range 2θ = 20°-85°a t an exposure time per recording point of 4 s. The spectra were processed using a special software package. The microstructure and elemental composition of compact synthesis products before the heat-resistance tests (transverse slices) and after them (breaks) were investigated using an S-3400N scanning electron microscope (Hitachi, Japan) equipped with a NORAN X-ray energy dispersion spectrometer (Thermo Electron Corp., United States). The Vickers hardness of compact samples was measured using an HVS-50 device (Time Group Inc., China) under a load of 10 kg and indenter holding time of 10 s. The density was evaluated by hydrostatic weighing using an AND1 GR-202 balance. The true density of compact samples was determined using an AccuPyc 1340 helium pycnometer (Micromeritics, United States). The residual porosity was calculated starting from the relative density, which was found as the ratio of the hydrostatic (experimental) density to the true density of a compact material.
RESULTS AND DISCUSSION

Combustion Kinetics and Mechanism
Calculated values of T ad and equilibrium compositions of combustion products at initial temperature T 0 = T room (293 K) for selected compositions of reaction mixtures are presented in Table 2 .
It is known that the main products of the SHS reaction in the Zr-Si can be silicides ZrSi, ZrSi 2 , and Zr 5 Si 3 [29] . However, the Zr 5 Si 3 metastable phase can form at high cooling rates under conditions of "quenching" hot synthesis products. The formation enthalpy of Zr 5 Si 3 is higher than that of ZrSi 2 and ZrSi compounds (the formation enthalpy of ZrSi 2 is in turn higher than that of ZrSi). The higher value of the formation enthalpy allows us to assume the presence of the Zr 5 Si 3 phase. The results of investigations presented in [29] show that the thermodynamic stability and topology of the phase diagram in the Zr-Si system does not always reliably predict the phase formation of products of the SHS reaction. The formation of silicide ZrSi 2 stable at room temperature is probable under conditions of forced SHS compaction.
Experimental dependences of T c and U c on initial combustion temperature T 0 for compositions 1 and 2 are presented in Fig. 1 . The value of T c for composition 3 at T 0 = 298 K was 2900 K, which exceeds the recommended measurement range using the W-Re thermocouple (2773 K).
An increase in initial temperature T 0 for compositions 1 and 2 leads to the linear rise of T c and U c . This evidences that staging of chemical transformations in the combustion wave does not vary with an increase in T 0 . An increase in T 0 by 300 K for composition 1 causes an insignificant increase in T c by approximately 100 K (Fig. 1a) . In this case, the combustion rate is the most sensitive characteristic to the variation in T 0 [27] -the values of U c increase by an order of magnitude (Fig. 1b) . This is probably associated with the largest amount of the liquid phase due to melting of all initial reagents (Zr, Si, and B) in a temperature range of 2268-2403 K. Therefore, we can assume that the melt formation is the moving force of combustion in this multicomponent reaction mixture.
An increase in T 0 by 300 K for composition 2 leads to an increase in T c by approximately 400 K (Fig. 1a) ; herewith, the combustion rate increases more than twofold. In this case, the moving force of combustion at lower temperatures (2148-2270 K) is the formation of the Zr-Si melt due to melting of Zr and Si, Zr-Si binary eutectics (melting points are 1643 and 1843 K), and Zr-B eutectic (T m = 1950 K). Correspondingly, the interaction of zirconium with silicon runs through a liquid phase, while zirconium diboride ZrB 2 is formed due to melt spread over the surface of boron particles with the simultaneous chemical interaction. The liquid-phase interaction occurs at higher combustion temperatures (2448-2563 K). It should also be noted that the combustion of mixture 2 is accompanied by intense gas emission with the linear growth of the samples behind the combustion front by approximately 30%. Figure 2 shows temperature profiles of the combustion wave at various values of T 0 for a mixture with a low silicon content (composition 1). These dependences do not allow us to determine the mode in which these reactions are performed: in the merging mode with chemical reactions running in parallel or in the detachment mode with reactions running sequentially with an insignificant time interval [27] [28] [29] . Only one temperature peak is observed in all thermograms out of the dependence on T 0 , which evidences the occurrence of parallel chemical reactions of zirconium with boron and silicon or sequential reactions with the extremely small temporal detachment.
Effective activation energies E eff of self-sustained reactions were calculated based on experimental dependences of T c and U c on T 0 [25, 26, 30] for compositions 1 and 2 according to the procedure described in [27] , which made it possible to assume the limiting stages of combustion. In the simplified form, they were calculated according to the formula (1) where R is the universal gas constant, while tanα is the graphically determined quantity starting from the results of straightening the experimental data in coordinates ln(U c /T c ) on 1/T c (Fig. 3 ). 
Structure Formation in the Combustion Wave
Staging of phase transformation in the combustion wave was investigated by dynamic X-ray diffraction. In connection with intense gas emission and sample growth during the combustion of a mixture of composition 2, investigations were performed for mixture 1 at T 0 = T room . Figure 4 shows the results of the experiment in the form of the selected sequence of XRD patterns. Lines of initial reagents Zr and Si and impurity oxide ZrO 2 are seen in range τ = 0.0-0.5 s (Fig. 4a) . Immediately after passing the combustion front at τ = 0.5-1.0 s (Fig. 4b) , lines of ZrB 2 corresponding to crystallographic planes (001), (100), and (101) appear, which evidences the onset of the formation reaction of ZrB 2 from the Zr-Si-B melt. Fine fractions of Zr and Si powders, as well as Zr-Si and Zr-B eutectics, melt in this time instant.
The line of ZrSi 2 corresponding to crystallographic plane (240) appears at τ = 1.0-1.5 s (Fig. 4c) . The absence of two maxima of heat emission in thermograms (Fig. 2) is associated with an insignificant difference in the values of the adiabatic temperature of combustion of mixtures Zr + 2B (T ad = 2570 K) and Zr + 2Si (T ad = 2133 K), as well as with a high combustion rate of the mixture. Then the maximum of heat emission from the formation reaction of ZrB 2 overlaps the maximum from the reaction with the formation of ZrSi 2 . We should also take into account that the temporal interval between them is rather short. The presence of ZrSi 2 can be explained by the charge heterogeneity and possible interaction of a certain amount of zirconium with oxygen [31] . No independent lines of Zr and Si are observed in this time instant. Lines of ZrB 2 and ZrSi 2 are noted in the XRD pattern at τ = 1.5-2.0 s (Fig. 4c) , as well as independent lines of crystallized unreacted silicon.
Staging of the phase formation in the Zr-Si-B system is associated with the variation in the Gibbs free energy of formation of ZrB 2 and ZrSi 2 compounds, which is 283.3 and 154.6 kJ/mole, respectively (at T = 2000 K). Thus, the formation of ZrB 2 is most profitable thermodynamically.
The results of XRD of synthesis products formed by forced SHS compaction are presented in Fig. 5 , and the data of the semiquantitative analysis are presented in Table 3 .
It is seen that, in contrast with the calculated equilibrium phase composition (Table 2) , there is no silicide Zr 5 Si 3 among synthesis products of composition 2. This confirms the assumption that the thermodynamic stability and topology of the Zr-Si phase diagram does not make it possible to produce a reliable prediction of phase formation of SHS products [29] . Only stable disilicide ZrSi 2 is formed under conditions of forced SHS-pressing of mixtures 1 and 2; no metastable phases are found. The formation of ZrSi 2 in the synthesis products of composition 1 and ZrB 12 in the case of mixture 3 can be associated with the charge microheterogeneity. The ZrO 2 oxide phase is also present in the composition of all samples. Figure 6 shows the microstructure of compact SHS ceramics.
Light faceted grains of zirconium diboride ZrB 2 on the order of 1-5 μm in size, gray ZrSi 2 matrix, and sil- Si icon are distinguishable in microphotographs of the transverse slice of the sample of composition 1 (Fig. 6a) . Zirconium oxide ZrO 2 is arranged in pores. Two phases-faceted ZrB 2 grains 1-5 μm in size arranged in a gray ZrSi 2 matrix-are seen in microphotographs of the sample of composition 2 (Fig. 6b) . Figure 6c shows a microstructure of the transverse slice of the sample of composition 3. The main structural component is zirconium diboride ZrB 2 , presented by rounded grains on the order of 10-20 μm in size.
Kinetics of High-Temperature Oxidation and Properties of Ceramics
The samples prepared from compact synthesis products were annealed in air at 1200°C for 30 h. Figure 7 shows kinetic oxidation curves in a form of dependences of the specific weight increment per surface area unit of the sample on the annealing time.
The most intense weight increment for the samples of all three compositions was observed for the first 15 min of oxidation (Figs. 7a, 7b) . The formation of SiO 2 -ZrO 2 -B 2 O 3 oxide films occurs on the sample surface, depending on the composition, according to the following chemical reactions [20, 21] :
ZrB 5/2O g B O ZrO ,
ZrSi 3O ZrO 2SiO .
In addition, the formation of a film of complex oxide ZrSiO 4 is possible in certain cases at this temperature [32] :
SiO ZrO ZrSiO . The ZrSiO 4 film is able to heal the cracks in the SiO 2 -ZrO 2 -B 2 O 3 borosilicate scale and prevent the oxygen diffusion into the depth of the sample material [32] . The inverse reaction of decomposition of ZrSiO 4 into SiO 2 and ZrO 2 is also possible in a temperature range of 1200-1500°C [33] . In the case of compositions 1 and 2, the weight increment is almost absent already after 1 h of the test, because oxide layers prevent the penetration of oxygen and volatilization of B 2 O 2 oxide [20, 21] , even during prolonged holdings (Fig. 7a) .
The most intense weight increment is observed for composition 3 (Fig. 7) . This is apparently caused by the fact that silicon, which promotes the formation of SiO 2 oxide, is absent in its structure [17] [18] [19] [20] [21] . Deep oxidation is also probable in samples 3. This is associated not only with the residual porosity, but also with the discontinuity of ZrO 2 -B 2 O 3 oxide films because of the difference in thermal expansion coefficients and volatilization of B 2 O 2 [17] [18] [19] [20] [21] . In the case of samples of compositions 1 and 2, silicon promotes the formation of the SiO 2 -ZrO 2 -B 2 O 3 borosilicate scale and prevents the oxygen penetration into the material depth. Despite a certain weight loss because of evaporation of boron oxide B 2 O 3 , the weight increment of the sample of composition 3 is observed for all 30 h of tests due to an increase in the thickness of oxide layers (Fig. 7a) . Figure 8 shows linear dependences of the specific weight increment of the sample per their surface area unit on the holding time (straightening of oxidation curves), by which the oxidation rates (v ox ) of compact SHS ceramics were calculated. The magnitude of v ox was determined graphically for two testing periods: for the initial 1 h and subsequent time (from 1 to 30 h). Table 4 shows the values of v ox for two testing periods, notably, for the initial 1 h and subsequent time. Values of v ox for all three compositions are higher for the first segment (Fig. 8a) in view of the intense formation of oxide layers. Then the values of v ox considerably decrease (Fig. 8b) , and oxidation intensity drops due to a decrease in the oxygen diffusivity through the oxide layer, which is especially noticeable by the magnitude of oxidation rates of compositions 1 and 2. Herewith, the lowest level of v ox is characteristic of the samples of composition 2. This can be probably explained by the absence of free silicon in their structure, because silicon bound in ZrSi 2 is oxidized exclusively on the sample surface in contrast with segments of free silicon, which can be oxidized to a large depth with the oxygen access. Oxidation rates of the samples of composition 3 are highest because of the absence of effective diffusion-barrier SiO 2 and ZrSiO 4 films. Nevertheless, v ox of these samples after 1 h of testing lower by approximately an order of magnitude. Figure 9 shows the microstructure of the samples of composition 1 after 30 min and 30 h of testing for heat resistance. Deep oxidation is characteristic of certain surface segments. Unbound silicon is oxidized first. "Uncoated" silicon can be oxidized for a considerable sample depth in those segments, where the oxygen access is not limited and is not stopped by ZrB 2 and ZrSi 2 phases. Therefore, it is difficult to determine the total thickness of the near-surface oxidized layer in the samples exactly. Silicon bound in ZrSi 2 is oxidized exclusively on the sample surface. Unoxidized free silicon is distinguishable in certain segments, the oxygen access to which could be limited by zirconium diboride and disilicide (gray regions "surrounded" by rings of ZrB 2 or ZrSi 2 particles). The amount of unoxidized silicon according to the XRD results of the samples after heat-resistance testing for 0.5 and 30 h is 9 and 6%, respectively ( Table 5 ). The XRD data also Deep oxidation is not characteristic of the samples of composition 2 after heat-resistance testing (Fig. 10) in view of the absence of free silicon in the composition and low porosity. ZrSi 2 is oxidized first with the formation of sequentially arranged layers of SiO 2 (2.5-4.0 μm thick) and ZrO 2 (4-5 μm thick). Silicon bound in disilicide is oxidized exclusively on the surface. Unoxidized segments of near-surface layers are presented by faceted ZrB 2 grains distributed in the ZrSi 2 matrix. Complex oxide ZrSiO 4 is present on the surface of samples of composition 2 similarly to samples of composition 1 after heat-resistance testing for 0.5 and 30 h (Table 6 ) in amounts of 13 and 22%, respectively. It is also difficult to determine the locality of this phase. of the holding time from 0.5 to 30 h. The only phase on the surface of the oxidized sample is ZrO 2 . Table 7 shows certain physical properties of the synthesized compact ceramics. It is noteworthy that the samples possess low residual porosity and have a rather high hardness comparable with the hardness of construction ceramics. Ceramic samples of compositions Zr-Si-B and Zr-B fabricated in the form of discs can find application in the magnetron sputtering technology of wear-resistant protective coatings, during oxidation of which ZrO 2 and SiO 2 -ZrO 2 protective layers with increased erosion, corrosion, and abrasive resistance are formed.
CONCLUSIONS (i)
The combustion kinetics of Zr-Si-B mixtures is investigated. The unique combustion mechanism and invariable staging of chemical transformations in a broad temperature range are noted. An increase in T 0 by 300 K for composition 1 calculated for the formation of 80% of ZrB 2 and 20% of free silicon leads to an insignificant increase in T c , while the most sensitive characteristic is U c . An increase in T 0 by 300 K for composition 2 calculated for the formation of ZrB 2 and ZrSi 2 in a ratio of 1 : 1 causes a more considerable increase in T c by ~400 K; herewith, the combustion rate increases to a lesser extent.
The values of the effective activation energy of combustion for mixtures 1 and 2, which were 63 and 130 kJ/mole, respectively, are determined. These values evidence the limiting role of liquid-phase interaction processes.
(ii) Staging of chemical transformations is investigated with the help of the dynamic X-ray diffraction method by the example of composition 1. The ZrB 2 phase is initially formed, and the ZrSi 2 phase is formed only after 0.5 s. Then unreacted silicon crystallizes.
(iii) Ceramics promising for high-temperature applications are fabricated by forced SHS-pressing. The main structural components of synthesis products of compositions 1 and 2 are ZrB 2 and ZrSi 2 , and Si is also present in the structure of samples of composition 1. Synthesis products of composition 3 calculated for the formation of 100% ZrB 2 are presented by diboride ZrB 2 and an insignificant amount of boride ZrB 12 .
(iv) SHS ceramics have high heat resistance. The SiO 2 -ZrO 2 -(B 2 O 3 ) borosilicate scale and complex oxide ZrSiO 4 , serving as an effective diffusion barrier preventing oxygen penetration into the material depth, are formed on the surface of samples of compositions 1 and 2 due to their high-temperature oxidation. Protective coatings in the case of samples of composition 3 are presented preferentially by B 2 O 3 and ZrO 2 . Oxidation rates of samples of three compositions are determined from kinetic oxidation curves in a range up to 30 h. The values of v ox considerably decrease (by 1-2 orders of magnitude) after 1 h of testing; stable oxide layers are already formed by this instant on the sample surface, and the oxidation intensity drops due to a decrease in the oxygen diffusion into the material depth. The samples of composition 2 have the lowest oxidation rate. 
